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Abstract — A method is demonstrated to optimise pulsed 
IV measurements of high capacitance PV modules, using 
dark IV and impedance measurements.  The impact of 
capacitance during I-V measurements is minimised by 
changing the shape of the voltage ramp. The optimisation 
can be performed simply and automatically for each 
individual module during the charging period for the 
simulator. As an additional benefit of this method the 
extracted C-V profile can be used to estimate the minority 
carrier lifetime for the module.  The system is 
demonstrated by using a high capacitance n type module, 
which is successfully measured in a single 10ms 
illumination pulse. 
Index terms—High capacitance, high efficiency, I-V, C-V, 
performance measurement, pulsed simulator, carrier 
lifetime. 
I. INTRODUCTION 
It is well known that high efficiency photovoltaic modules 
usually exhibit large internal capacitance and that this can 
cause errors in the measured power output if the voltage is 
changed too quickly during a measurement [1]. This causes 
the measurement time required to measure high efficiency 
modules to be much longer than for the technologies of the 
last decades.  
The problematic capacitance originates from the charge 
stored by minority carriers in the quasi neutral region. The 
size of this capacitance is proportional to the minority carrier 
lifetime, because, the higher the lifetime, the more carriers 
will accumulate at a given voltage, and the more charge will 
be stored. This explains why the capacitance is found to be 
higher in high efficiency modules. As efficiencies continue to 
increase in the future high module capacitance is likely to 
become more and more of a problem for performance 
measurements.  
Common tactics for measuring high capacitance modules 
are either using speciality long pulse length simulators with a 
stabilised illumination of 100ms or more, or splitting the 
measurement up into multiple sections / points which can be 
measured in separate illumination pulses, known as the multi 
flash or multi point measurements [2]-[5]. A simple solution is 
to measure only the region around the maximum power point 
[6]. This solution is adequate in some cases if only the 
maximum power point is needed and the maximum power 
point voltage is already approximately known before the 
measurement. It is also possible to reduce the required 
measurement time by reducing the number of measurement 
points [7].  This becomes a trade off with increased errors due 
to interpolation between points.  
The simple approaches make inefficient use of time and 
lamp life. By intelligently designing the voltage measurement 
profile it is possible to make full I-V measurements without 
the need for long pulse durations, negating the need for 
specialist simulators or using multiple pulses.  
The capacitive charging current in a PV device is dependent 
on the capacitance and also the conductance, both of which 
vary strongly with voltage. By using non-linear voltage ramps 
it is possible to significantly reduce the measurement time 
because some regions of the I-V curve can be measured more 
quickly allowing more time for the other regions. Other 
methods to do this have proved successful [8]-[9], but the 
method presented here represents a significant improvement in 
the setup of the optimum voltage ramp because it can be 
performed quickly, automatically and individually for each 
module without the need for extra illumination pulses. If the 
voltage ramp is not designed individually for each module 
then variation in a production run can cause problems for the 
measurement system.  
Dark impedance measurements are used to determine the 
capacitance. Impedance measurements are a more direct 
method to measure the capacitance than open circuit voltage 
decay which requires more modelling and assumptions [10]-
[11]. Another possibility is the photocurrent response method 
[8]. In comparison to that the main advantage of impedance is 
that no extra illumination pulses are necessary making it 
practical to obtain individually C-V measurements for every 
module. In a production line environment these measurements 
could be made immediately before the I-V measurement in the 
period while solar simulator is charging, before the next 
illumination pulse. This way the voltage profile for the I-V 
measurement can be optimised for each module.  
The C-V and dark I-V measurements produced during this 
method are highly useful in their own right. From the high 
voltage region of the C-V curve minority carrier lifetime can 
be extracted [12], and if information is known about surface 
enhancement factor from the texturing of the cells then the 
base doping density can be determined from the low voltage 
region [13]. These parameters would provide an extra quality 
control check and having a history of these measurements 
would be a powerful tool in helping to diagnose unintentional 
process drift on a production line. This additional information 
is another significant advantage of using this method.  
 
 
Fig 1. Schematic for the I-V curve measurement 
II. METHOD 
Fig 1 shows a flow diagram for the optimisation procedure. 
The essence of the method is that the dynamic response of the 
module can be only be calculated from full knowledge of the 
capacitance (C-V) and the steady state light I-V curve. 
However since the light I-V curve cannot be known before the 
measurement it is estimated from the dark I-V curve. The C-V 
curve is measured directly using impedance measurements. 
The knowledge of the dynamic response is then used to 
minimise the capacitive charging errors. 
 
Fig 2. Equivalent circuit diagram for small oscillations or voltage 
steps. Note that the voltages and currents represent the voltage 
changes form the steady state value not absoulte values. 
First of all, impedance (Z) measurements are performed at 
two different frequencies which allow the series resistance and 
the C-V characteristic of the module to be extracted. Fig 2 
shows an equivalent circuit diagram for a PV module which 
can be used for small voltage oscillations as is the case for 
impedance measurements. The equivalent circuit will also be 
used for modelling the small voltage steps made during the I-
V curve sweep. Often in C-V measurement the series 
resistance in the device model is omitted. At the high forward 
bias required it is very important to include the series 
resistance element. This makes it necessary to measure the 
impedance at two different frequencies in order to calculate all 
the elements.  
TABLE I 
MEASUREMENT POINTS USED IN EACH SECTION OF THE I-V CURVE FOR 
THE DEMONSTRATION MEASUREMENT. 
Section Measurement points 
-1V to 2V 4 
2V to 0.95Vmpp 6 
0.95 to 1.05Vmpp  20 
1.05Vmpp to 0.97Voc 4 
0.97Voc to 1.03Voc 6 
 
Fig 3. The target voltage measurement points distributed on the 
estimated I-V curve.  
From the dark I-V, the series resistance and an expected 
value for Isc an approximation of the light I-V curve can be 
made. This estimation of the light I-V curve is necessary at 
several points in the creation of the voltage sweep. In order to 
further reduce the required measurement time the 
measurement point density is reduced outside of the areas of 
interest. The positions of interest are V=0, Vmpp and Voc. 
These points are estimated from the I-V curve approximation. 
The number of points in each section can be varied. The 
numbers used in this demonstration are shown in Table I and 
displayed graphically in Fig 3. Once the points are set then the 
charging current after the step is modelled from considering 
the equivalent circuit in Fig 2.  
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The decay time constant is given by 
𝜏𝜏 = 𝐶𝐶𝑅𝑅𝑠𝑠1 + 𝑅𝑅𝑠𝑠/𝑅𝑅𝑝𝑝 (3) 
Ifin is the final settled current and 𝛥𝛥𝛥𝛥   is the size of the 
voltage step. The values of C, Rs and Rp found from the 
impedance measurements. As measured they are a function of 
the voltage from the dark measurement. They require 
converting to a function of the voltage when under 
illumination. The difference is due to the reversal of the 
current across Rs in the two instances. In order to make this 
conversion the estimation of the light I-V curve is used. 
Next the settling time for each step is calculated so that the 
error for each measurement point is equal. The error for each 
point is defined as the distance between the normalised 
versions of the measured and the steady state I-V curves in the 
direction perpendicular to the steady state curve. By design the 
error will be small, so using Fig 4 the error can be expressed 
simply as a function of the current error and the gradient of the 
I-V curve. 
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Finally if the predicted error is within an acceptable range 
the I-V measurement is made. If the predicted error is too 
large either the number of measurement points can be reduced 
or the number of illumination pulses can be increased 
 
Fig 4. Diagram showing the definition of the error and how the 
error can be approximated by equation 4. 
As further information the minority carrier (𝜏𝜏𝑚𝑚) lifetime and 
doping density can be calculated from the C-V curve. The 
minority carrier lifetime is calculated from the higher voltage 
region where the build-up of minority carriers in the bulk 
(diffusion capacitance) is the dominant charge storage 
mechanism. In this region the diffusion capacitance is 
exponentially dependent on the voltage and it can be shown 
that [14] 
𝜏𝜏𝑚𝑚 = 𝐶𝐶𝑑𝑑𝐼𝐼/𝑑𝑑𝛥𝛥𝑗𝑗 (5) 
The doping density can be extracted from the lower voltage 
region of the C-V curve where the change in width of the 
space charge region (junction capacitance) dominates. This 
doping density measurement requires also knowledge about 
the texturing of the device, since this will increase the area of 
the junction relative to the cell cross section [13]. In the 
demonstration presented in this paper this information was not 
known so the doping density was not calculated. 
IV. RESULTS & DISCUSSION 
The value of the series resistance which made the two C-V 
curves converge was 0.3Ω. The resulting C-V curve for the n 
type module is shown in Fig 5. The capacitance per cell is 
displayed as function of the junction voltage per cell.  The two 
regions where the capacitance is dominated by different 
charge storage mechanism can clearly be seen. At voltages 
below 0.4 V the junction capacitance dominates and overall 
the capacitance is low. At increasing voltages the diffusion 
capacitance dominates and causes the capacitance to increases 
exponentially. In the high voltage region the measured 
capacitance agrees very well with the theory. The extracted 
base minority carrier lifetime is 70𝜇𝜇𝜇𝜇.  
 
Fig 5. Measured capacitance of the n type module along with 
exponential fit for the capacitance. 
 Fig 6. Estimation of the Light I-V curve from the dark I-V curve. 
The comparison of the estimated, measured and dark IV 
curve can be seen in Fig 6. In the figure, two different light I-
V curve estimates are shown. The difference is the Isc values 
used, which are either the datasheet value or the value 
measured under illumination. The I-V curve as measured in 
the light is also shown for comparison. In this case there is a 
2.7% difference between the datasheet and measured values of 
Isc, which obviously propagates to the estimated curves. In the 
case of using the measured Isc value, a better match to the 
measured I-V curve overall is achieved, however a small 
discrepancy remains in the Voc.  This example serves as a 
good demonstration of why it is important to make an actual 
measurement of the light I-V curve for final performance 
assessment, rather than trying to reconstruct it from the dark I-
V curve and a measured Isc. The remainder of the analysis in 
this example continues using the curve estimated from the 
datasheet value to show that the method works even in this 
case. 
An example of the voltage ramp created for the 
measurement is shown in Fig 7. Also shown is the measured 
current as a function of time. The example shown is for a back 
contact module, it is similar to the case of the n type module 
but the behaviour of the current as a function of time is more 
pronounced. Each time the voltage is stepped there is a large 
downward spike in the current which then decays back to the 
steady state value.  
 
Fig 7. Voltage and current as a function of time during the 
illumination pulse. Both the target and the actual measured voltage 
are shown. 
Using the multi-flash method eight 10ms illumination 
pulses were needed in order to get the forward and reverse I-V 
curves to converge. The predicted error using the new method 
to measure the I-V curve in one 10ms pulse was 0.03%, which 
is significantly less than the repeatability of the measurement 
system and essentially means that capacitive effects have been 
removed from the result. The actual measurement aligned well 
with the 8 section multi flash measurements as predicted. The 
result can be seen in Fig 8. For comparison the single pulse 
measurements using a linear voltage ramp is also shown. For 
all the measurements the density of measurement points in the 
maximum power point region was set to be as close as 
possible to 5V-1. 
 Fig 8. I-V curves measured using the new method compared to an 
8 pulse multi section measurement and a single pulse linear voltage 
ramp measurement 
V. CONCLUSION 
It was demonstrated that it is possible to specifically tailor 
the voltage ramp used for performance measurement of high 
capacitance photovoltaic modules in order to significantly 
reduce the required measurement time, while maintaining high 
levels of accuracy. Using impedance measurements this can 
be done rapidly and automatically without the need for any 
extra illumination pulses. On a production line the ability to 
tailor the measurement for each individual module means the 
process should be robust and better able to cope with outlier 
modules. The C-V characteristic and dark I-V of the modules 
are obtained as highly useful by-products of this method. As 
an example of the utility of the C-V the minority carrier 
lifetime was extracted for an n type module. 
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